We analyze the B → K * 2 (→ Kπ)l + l − (with l = e, µ, τ ) decay in the standard model and two new physics scenarios: vector-like quark model and family non-universal Z ′ model. We derive its differential angular distributions, using the recently calculated form factors in the perturbative QCD approach. Branching ratios, polarizations, forward-backward asymmetries and transversity amplitudes are predicted, from which we find a promising prospective to observe this channel in the future experiment. We update the constraints on effective Wilson coefficients and/or free parameters in these two new physics scenarios by making use of the
I. INTRODUCTION
Discoveries of new degrees of freedom at TeV energy scale, with contributions to our understanding of the origin of the electroweak symmetry breaking, can proceed in two different ways. One is a direct search of the Higgs boson, the last piece to complete the standard model (SM), and particles beyond the SM, to establish new physics (NP) theories. The other effort, already ongoing, is to investigate processes in which SM is tested with higher experimental and theoretical precision. Among the latter category, rare B decays are among ideal probes. Besides constraints on the Cabibbo-Kobayashi-Maskawa (CKM) matrix including apexs and angles of the unitary triangle, which have been contributed by semileptonic b → u/c and nonleptonic B decays respectively, the electroweak interaction structure can also be probed by, for instance, the b → sγ and b → sl + l − modes which are induced by loop effects in the SM and therefore sensitive to the NP interactions.
Unlike b → sγ and B → K * γ that has only limited physical observables, b → sl + l − especially B → K * l + l − , with a number of observables accessible, provides a wealth of information of weak interactions, ranging from the forward-backward asymmetries (FBAs), isospin symmetries, polarizations to a full angular analysis. The last barrier to access this mode, the low statistic with a branching faction of the order 10 −6 , is being cleared by the B factories and the hadron collider [1] [2] [3] . The ongoing LHCb experiment can accumulate 6200 events per nominal running year of 2f b −1 with √ s = 14 TeV [4] , which allows to probe the short-distance physics at an unprecedented level. For instance the sensitivity to zero-crossing point of FBAs can be reduced to 0.5GeV 2 and might be further improved as 0.1GeV 2 after the upgrade [5] . This provides a good sensitivity to discriminate between the SM and different models of new physics. There are also a lot of opportunities on the Super B factory [6] . Because of these virtues, theoretical research interests in this mode have exploded and the precision is highly improved, see Refs. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] for an incomplete list.
Toward the direction to elucidate the electroweak interaction, B → K * l + l − and its SU(3)-related mode B s → φl + l − are not unique. In this work, we shall point out that B → K * 2 (1430)l + l − and the B s -counterpart B s → f ′ 2 (1525)l + l − 1 , which so far have not been investigated in detail [23] [24] [25] [26] , are also useful in several aspects. Due to the similarities between K * and K
II. B → K2 FORM FACTORS
B → K * 2 l + l − decay amplitudes contain two separate parts. Short-distance physics, in which contributions at the weak scale µ W is calculated by perturbation theory and the evolution between m W and b quark mass scale m b is organized by the renormalization group. These degrees of freedom are incorporated into Wilson coefficients and the obtained effective Hamiltonian responsible for b → sl + l − in the appendix A. The low-energy effect characterizes the long-distance physics and will be parameterized by hadronic matrix elements of effective operators, which are usually reduced to heavy-to-light form factors in semileptonic B decays.
The spin-2 polarization tensor, which satisfies ǫ µν P 
Without higher order QCD corrections, I 7 is zero and I 8 , I 9 are tiny in the SM and the reason is that only C 9 has an imaginary part. In this sense these coefficients can be chosen as an ideal window to probe new physics signals.
The amplitudes A i are generated from the hadronic
with
For convenience, we have introduced transversity amplitudes as
and the right-handed decay amplitudes are similar
The combination of the timelike decay amplitude is used in the differential distribution
B. Dilepton spectrum distribution
Integrating out the angles θ l , θ K and φ, we obtain the dilepton mass spectrum
and its expression in the massless limit
with i = 0, ±1 or i = 0, ⊥, ||. After some manipulations in the appendix, the correspondence of the above equations and Eq. (20) with results in Ref. [25] can be shown.
C. Polarization distribution
The longitudinal polarization distribution for
in which 
D. Forward-backward asymmetry
The differential forward-backward asymmetry of
while the normalized differential FBA is given by
In the massless limit, we have
In the SM where C 7R is small, the zero-crossing point s 0 of FBAs is determined by the equation
E. Spin amplitudes and transverse asymmetries
Using the above helicity/spin amplitudes, it is also possible to construct several useful quantities which are ratios of different amplitudes. The following ones, widely studied in the B → K * case, are stable against the uncertainties from hadronic form factors
with the notation
Due to the hierarchy in the SM Γ − ≫ Γ + , A
T is close to 1 and therefore its deviation from 1 is more useful to reflect the size of the NP effects.
IV. TWO NP MODELS
The b → sl + l − has a small branching fraction since the SM is lack of tree level FCNC. It is not necessarily the same in extensions. In this section we will briefly give an overview of two NP models, which allow tree-level FCNC. Both of these two models, vector-like quark model and family non-universal Z ′ model, do not introduce new type operators but instead modify the Wilson coefficients C 9 , C 10 . To achieve this goal, they introduce an SU (2) singlet down-type quark or a new gauge boson Z ′ .
A. Vector-like quark model: Z-mediated FCNCs
In the vector-like quark model,
where the flavor indices have been suppressed. Q L (H) is the SU (2) 
which can be diagonalized by two unitary matrices
The SM coupling of Z-boson to fermions is flavor blind, and the flavor in the process with exchange of Z-boson is conserved at tree level. Unlikely although the right-handed sector in the VQM is the same as the SM, the new left-handed quark is SU (2) L singlet, which carries the same hypercharge as right-handed particles. Therefore the gauge interactions of left-handed down-type quarks with Z-boson are given by
where g is the coupling constant of SU (2) L , θ W is the Weinberg's angle, P R(L) = (1 ± γ 5 )/2. I 3 and Q are operators for the third component of the weak isospin and the electric charge, respectively. Since the ratio ξ D of the coupling constants deviates from unity:
, tree level FCNC can be induced after the diagonalization of the down-type quarks. For instance, the interaction for b-s-Z in the VQM is given by
where λ sb is introduced as the new free parameter:
Using Eq. (30), the effective Hamiltonian for b → sl + l − mediated by Z-boson is found by
The Wilson coefficients C 9,10 are modified accordingly
Making use of the experimental data of b → sl + l − , our previous work [47] has placed a constraint on the new coupling constant
but its phase θ s is less constrained. In the following, we shall see that the constraint can be improved by taking into account the experimental data of the exclusive process
The SM can be extended by including an additional U (1) ′ symmetry, and the currents can be given as following in a proper gauge basis
where i is the family index and ψ labels the fermions (up-or down-type quarks, or charged or neutral leptons). According to some string construction or GUT models such as E 6 , it is possible to have family non-universal Z ′ couplings, namely, even though ǫ
are diagonal the gauge couplings are not family universal. After rotating to the physical basis, FCNCs generally appear at tree level in both LH and RH sectors. Explicitly,
Moreover, these couplings may contain CP-violating phases beyond that of the SM. The Lagrangian of Z ′b s couplings is given as
It contributes to the b → sℓ + ℓ − decay at tree level with the effective Hamiltonian
where
with the coupling g associated with the SU (2) L group in the SM. In this paper we shall not take the renormalization group running effects due to these new contributions into consideration because they are expected to be small. For the couplings are all unknown, one can see from Eq. (37) that there are many free parameters here. For the purpose of illustration and to avoid too many free parameters, we put the constraint that the FCNC couplings of the Z ′ and quarks only occur in the left-handed sector. Therefore, ρ R sb = 0, and the effects of the Z ′ FCNC currents simply modify the Wilson coefficients C 9 and C 10 in Eq. (A1). We denote these two modified Wilson coefficients by C Z ′ 9 and C Z ′ 10 , respectively. More explicitly,
Compared with the Wilson coefficients in the vector-like quark model in Eq. (32), we can see that the Z ′ contributions in Eq. (39) have similar forms and the correspondence lies in the coupling constants
However the number of free parameters is increased from 2 to 4 since c l L,R in the VQM is the same as the SM.
V. PHENOMENOLOGICAL ANALYSIS
In this section, we will present our theoretical results in the SM, give an update of the constraints in the above two NP models and investigate their effects on
For convenience, branching ratios of K * 2 and f ′ 2 decays into Kπ and KK will not be taken into account in the numerical analysis.
A. SM predictions
With the B → K * 2 form factors computed in the PQCD approach [27] , the BR, zero-crossing point of FBAs and polarization fractions are predicted as
The errors are from the form factors, namely, from the B meson wave functions and the PQCD systematic parameters. Most of the uncertainties from form factors will cancel in the polarization fractions and the zero-crossing point s 0 . Similarly results for B s → f 2 l + l − are given as
We also show the q 2 -dependence of their differential branching ratios (in units of 10 −7 ) in Fig. 2 . Charm-loop effects, due to the large Wilson coefficient and the large CKM matrix element, might introduce important effects. In a very recent work [20] , the authors have adopted QCD sum rules to investigate both factorizable (q 2 ) = r
where the three results correspond to different Lorentz structures: i = 1, 2, 3 for terms containing V , A 1 and A 2 respectively. The numerical results are quoted as follows
∆C
(1) 9 (q 2 ) = 0.72
2 = 1.13, ∆C (2) 9 (q 2 ) = 0.76
2 = 1.12, ∆C (3) 9 (q 2 ) = 1.11
2 = 1.05.
It should be pointed out that not all charm-loop effects in B → K * 2 l + l − are the same as the ones in B → K * l + l − . Among various diagrams the factorizable contributions, which can be simply incorporated into C 9 given in Eq. (A3), are the same. The nonfactorizable ones are more subtle. In particular the light-cone sum rules (LCSR) with B-meson distribution amplitudes are adopted in Ref. [20] , in which intermediate states like K * are picked up as the ground state. The generalization is not straightforward to the case of K * 2 since in this approach states below K * 2 may contribute in a substantial manner. However in another viewpoint, i.e. the conventional LCSR, they may be related. In our previous work we have shown that the light-cone distribution amplitudes of K * 2 is similar with K * in the dominant region of the PQCD approach. If it were also the same in the conventional LCSR, one may expect that the charm-loop effects in the processes under scrutiny have similar behaviors with the ones in B → K * l + l − . Therefore as the first step to proceed, we will use their results to estimate the sensitivity in our following analysis and to be conservative, we use
in the region of 1GeV 2 < q 2 < 6GeV 2 . The central values for q 2 -dependent parameters will be used for simplicity and in this procedure, the factorizable corrections to C 9 given in Eq. (A3) should be set to 0 to avoid double counting. With the above strategy, our theoretical predictions are changed to
The uncertainties in the zero-crossing point of FBAs are enlarged to 0.4GeV 2 . We also show the q 2 -dependence of the differential polarization in Fig. 3 and the normalized forward-backward asymmetries in Fig. 4 .
As a parallel way, the BR of B → K * 2 l + l − can also be estimated by making use of the data of radiative
The ratio of the above BRs R ≡
B(K * ) = 0.29 ± 0.06 and the measured data of B → K * l + l − shown in Tab II give the implication
which are remarkably consistent with our theoretical predictions within uncertainties.
When the large energy symmetry is exploited, the seven B → K * 2 form factors can be reduced into two independent ones ζ ⊥ and ζ || . Based on these nontrivial relations, Ref. [25] has used the experimental data of B → K * 2 γ to extract ζ ⊥ . With the assumption of a similar size for ζ || , the authors also estimated the branching ratio and forward-backward asymmetries of B → K * 2 l + l − . Explicitly they have employed ζ ⊥ = 0.27 ± 0.03
which are comparable with our results [27] ζ ⊥ = (0.29 ± 0.09), ζ || = (0.26 ± 0.10). (50) As a consequence, the predicted results of BR, forward-backward asymmetries and polarizations are compatible with each other. Our results for angular coefficients,Ī i = I i / dΓ dq 2 , are depicted in Fig. 5 for B → K * 2 µ + µ − and Fig. 6 for
Since the predictions forĪ 7 ,Ī 8 ,Ī 9 in the SM are typically smaller than 0.03, we shall not show them. The corresponding transversity asymmetries are shown in Fig. 7 and Fig. 8 respectively. One particular feature is that most of these results are stable against the large uncertainties from the form factors.
For the experimental purpose, it is valuable to estimate the minimum size of the averaged value of an angular distribution coefficient so that it can be measured in experiment. To establish any generic asymmetry with the averaged value A of a particular decay at nσ level, events of the number N = n 2 /( A ) 2 should be accumulated. For instance on the LHCb there are 6200 events for the B → K * l + l − process per nominal running year [4] . Incorporating all differences between K * 2 and K * , we may expect roughly1000 events of B → K * 2 (→ Kπ)l + l − . Therefore if one wants to observe an asymmetry at nσ level, its averaged value should be larger than A min = n 2 1000 ≃ 0.03n. Before closing this subsection, it is necessary to point out that the above estimation might be too optimistic. In the first few running years of LHCb, the central energy in the pp collision may not reach 14 TeV and its luminosity will be below 2f b −1 . Thus in the first stage not enough data are available for a precise determination of some angular coefficients. Nevertheless this will not affect our analysis of branching fractions and many angular coefficients.
B. Constraint on NP parameters and the NP effects on
In this subsection we will first update constraints of free parameters in the above two NP models, and particularly we use the experimental data of b → sl + l − and B → K * l + l − . Decay width of the inclusive process b → sl + l − is given as [48] 
, and Γ(b → ceν e ) is used to cancel the uncertainties from the CKM matrix elements and the factor m 5 b . For B → K * l + l − , the FBAs, polarizations, and BR have been measured in different kinematic bins [2] . The other relevant experimental data collected in Tab. II are from Refs. [49, 50] .
We will adopt a least-χ 2 fitting method to constrain the free parameters, in which the χ 2 is defined by
where B i denotes one generic quantity among the physical observables. The B denotes the theoretical prediction, the cental value and 1-σ error of experimental data, respectively. The total χ 2 is obtained by adding the individual ones. It is necessary to point out that although the errors in experiment may correlate, for instance the measurement of B, f L and A F B proceed at the same time in the fitting of angular distributions [2] , we have not taken into account their correlation in our theoretical results.
As shown in the previous section, these two NP models have the similarity that only C 9,10 are modified. One difference lies in the coupling with the leptons, the newly introduced down-type quark in VQM will not modify the Embedded in the VQM, the two parameters, real part and imaginary part of λ sb , are found as Turning to family nonuniveral Z ′ model in which the coupling between Z ′ and a lepton pair is unknown, the two Wilson coefficients, C 9 and C 10 , can be chosen as independent parameters. Assuming ∆C 9 and ∆C 10 as real, we find ∆C 9 = 0.88 ± 0.75, ∆C 10 = 0.01 ± 0.69, . If the µ-lepton mass is neglected, the imaginary part of C 10 will not appear in the expressions for the differential decay widths and the polarizations. Moreover, for the forward-backward asymmetry as shown in Eq. (22), the imaginary part of C 10 contributes in the combination Re[C 9 C 10 ], thus the inclusion of Im[C 10 ] will have little effect on the χ 2 . Combing the above results, we can see that the NP contributions in both cases satisfy
To illustrate, we choose ∆C 9 = 3e iπ/4,i3π/4 and ∆C 10 = 3e iπ/4,i3π/4 as the reference points and give the plots of branching ratios, FBAs and the polarizations in Fig. 9 . The black (solid) line denotes the SM result, while the dashed (blue) and thick (red) lines correspond to the modification of C 9 . The dot-dashed (green) and dotted lines are obtained by modifying C 10 . From the figure for A F B , we can see that the zero-crossing point s 0 can be sizably changed, which can be tested on the future collider or can be further constrained.
One last process to explore is B s → µ + µ − , of which the branching fraction is
Using the same inputs as those in our computation of
Even if C 10 is enhanced by a factor of 2, the above result is still consistent with the recent measurement [51]
VI. SUMMARY
In this work we have explored B → K * 2 (→ Kπ)l + l − (with l = e, µ, τ ) decays and a similar mode 
Besides branching ratios, forward-backward asymmetries and transversity amplitudes, we have also derived the differential angular distributions of this decay chain. The sizable production rates lead to a promising prospective to observe this channel on the future experiment.
Using the experimental data of the inclusive b → sl + l − and B → K * l + l − , we have updated the constraints on effective Wilson coefficients and/or free parameters in these two new physics scenarios. In the VQM, we find that the constraint on the coupling constant is improved by a factor of 3 compared with our previous work. Their impact on B → K * 2 l + l − is elaborated and in particular the zero-crossing point for the forward-backward asymmetry in these NP scenarios can sizably deviate from the SM. These results will be tested on the future hadron collider. The effective Hamiltonian governing b → sl + l − is given by
where V tb = 0.999176 and V ts = −0.03972 [50] are the CKM matrix elements and C i (µ) are Wilson coefficients for the effective operators O i . In this paper, we will adopt the Wilson coefficients up to the leading logarithmic accuracy [48] , and their values in SM are listed in Tab. III. Since the NP scenarios considered in the present paper would not introduce any new operator, the SM operators will form a complete basis for our analysis 
The left-handed and right-handed operators are (q 1 q 2 ) V −A (q 3 q 4 ) V ±A ≡ (q 1 γ µ (1−γ 5 )q 2 )(q 3 γ µ (1±γ 5 )q 4 ). m b = 4.8GeV and m s = 0.095GeV are b and s quark masses in the MS scheme and α em = 1/137 is fine structure constant. The double Cabibbo suppressed terms, proportional to V ub V * us , have been neglected. At the one-loop level accuracy, the matrix element of b → sl + l − transition receives loop contributions from O 1 − O 6 . Since the factorizable loop terms [52] can be incorporated into the Wilson coefficients C 7 and C 9 , it is convenient to define combinations C 
In the following, we shall also drop the superscripts for C eff 9 and C eff 7 for convenience. On the hadron level resonant states, such as vector charmonia generated from the b → ccs, may annihilate into a lepton pair. Therefore they will also contribute in a long distance manner [53] [54] [55] . But these contributions can be subtracted with a kinematic cutoff in experiment. Moreover our following analysis of differential distributions will be mainly dedicated to the region of 1GeV 2 < q 2 < 6GeV 2 , also excluding contributions from the charmonia.
